Sedimentary rocks from Virginia through Florida record marine flooding during the mid-Pliocene. Several wave-cut scarps that at the time of deposition would have been horizontal are now draped over a warped surface with a maximum variation of 60 meters. We modeled dynamic topography by using mantle convection simulations that predict the amplitude and broad spatial distribution of this distortion. The results imply that dynamic topography and, to a lesser extent, glacial isostatic adjustment account for the current architecture of the coastal plain and proximal shelf. This confounds attempts to use regional stratigraphic relations as references for longer-term sea-level determinations. Inferences of Pliocene global sea-level heights or stability of Antarctic ice sheets therefore cannot be deciphered in the absence of an appropriate mantle dynamic reference frame.
T he continental margin of the East Coast of the United States is the archetypal Atlantictype or passive-type continental margin (1) . Such margins have been thought to overlay a mantle that is entirely passive (2) . As a consequence, passive-type margins are generally inter-preted as having simple stratigraphic histories controlled by the interplay between thermally driven subsidence, sediment loading, compaction, and sea-level variations (3, 4) . Flexural responses of the lithosphere resulting from off-shore sediment loading (5, 6) and, less frequently, onshore ero-sional unloading (7) are also recognized as potentially important (4) (5) (6) . These assumptions underpin the rationale for the use of the U.S. East Coast margin in determining global long-term [≥ 0.1 million years (My)] sea-level variations (4-6, 8, 9) .
The mantle is not a passive player. Mantle flow influences surface topography, through perturbations of the dynamic topography, in a manner that varies both spatially and temporally. As a result, it is difficult to invert for the global longterm sea-level signal and, in turn, the size of the Antarctic Ice Sheet by using East Coast shoreline data (10) . Factors that need to be considered include flow associated with the negative buoyancy of the subducted Farallon slab (10) (11) (12) (13) (14) and the coupled shallower westward flow of hotter man- tle (10, 12, 15) . The latter produces, at least locally, changes in buoyancy and associated shorter wavelength changes in dynamic topography. Both factors confound local estimates of long-term sealevel variations (15) .
The Coastal Plain is characterized by a sequence of marine and nonmarine sedimentary units that range from at least Early Cretaceous to present in age. These units generally thicken eastward to more than 12 km (16) (17) (18) (19) . This package unconformably overlies pre-Mesozoic crystalline rocks, as well as Triassic/Jurassic rift-basin strata, and pinches out to the west along the Fall Zone ( Fig. 1A) . Models of the depositional architecture of this margin have been developed on the basis of combinations of seismic stratigraphy and drilling (9, 18, 19) in order to better understand its evolution (4) (5) (6) 20) . These models have also been used to infer global sea-level history by solving for the contributions of thermal subsidence, sediment loading and compaction, flexural loading, and sediment delivery while assuming that the only remaining unknown is the contribution from changes in sea level. Most attempts have fo-cused on the New Jersey segment of this margin (4-6, 9, 21) . A local and temporally limited sealevel estimate has been made by using the mid-Pliocene Orangeburg Scarp as a marker (8) . In this particular example, after correction for~50 T 18 m of post-mid-Pliocene uplift derived from a local estimate of stream incision rate (22) , the Orangeburg Scarp has been inferred to have had an elevation of 35 T 18 m, which has been taken to indicate the height of the mid-Pliocene sea level (8) . This height would imply collapse of the Greenland and West Antarctic Ice Sheets and potentially considerable melting of the East Antarctic Ice Sheet during the mid-Pliocene climate optimum (23) (24) (25) . However, the Pliocene strandline and immediately adjacent shallow marine sediments are not preserved at constant elevation along the Coastal Plain ( Fig. 1B) (26) . Thus, the Orangeburg Scarp is not a good reference for sea-level determinations for the Pliocene. Instead, we used the scarp as a marker for characterizing the processes that have warped the continental margin subsequent to 4 to 3 million years ago (27) .
To assess the processes responsible for the post-mid-Pliocene warping of this margin, we developed a model of the Coastal Plain that accounts for mantle dynamics (10) and glacial isostatic adjustment (GIA) (28) . Formation of karsts can also induce uplift (29) . However, because carbonates are scarce north of Florida, we ignored this effect. Potential contributions from flexural warping because of offshore sediment loading and erosional unloading (7, 30) were assessed (supplementary text) but were deemed too uncertain to yield reliable estimates for the current analysis. In addition, it is shown below that the majority of the warping can be accounted for by dynamic topography and GIA alone.
Our analysis focused on the variably incised, mid-Pliocene, low-relief flooding surface that characterizes the geomorphology of the eastern seaboard coastward of the Orangeburg and equivalent wave-cut scarps that define the landward edge of this surface (Fig. 1A) . The Orangeburg and correlative scarps would have been horizontal at the time of formation; the adjacent mid-Pliocene shallow marine rocks and associated flooding surface would have been largely undissected and would have sloped gently eastward in a manner comparable to the modern shallow shelf. Therefore, the warping ( Fig. 1B ) and incision of this lowrelief flooding surface primarily reflects postmid-Pliocene relative uplift together with erosional down-cutting by rivers and streams that traverse the eastern Coastal Plain. A reasonable test of our modeling will be the retrodiction of this flooding surface to a configuration comparable to the modern shelf.
We calculated global mantle convective flow by following the approach of (10, 15, 31, 32) with the tomography models TX2007 (33) and TX2008 (34) , in which global seismic data together with a range of convection-related observables (present-day surface topography, free air gravity, plate velocities, and core-mantle boundary excess ellipticity) were jointly inverted to yield the three-dimensional (3D) distribution of density in the mantle (34) that is consistent with seismic, geodynamic, and mineral physics data. The underlying physical basis of this model is described in detail by Forte (35) . We considered two different models of the radial distribution of viscosity, V1 and V2 (10, 31, 32) , and these, together with the two different inversions (TX2007 and TX2008) for mantle density, provide four alternative models for predictions of time varying dynamic topography (see supplementary materials).
The 3D distribution of mantle buoyancy, when integrated with estimates of the radial distribution of viscosity, allows the computation of the instantaneous global flow field (31) . With this in hand, we iteratively computed a global backward advection solution brought forward in time with a full convection calculation to estimate the vertical stresses acting on the base of the crust arising from flow in the mantle (10, 32) . These timedependent vertical stresses generate a globally distributed dynamic topography that warps Earth's surface. The difference between the present-day dynamic topography and estimates of past dynamic topography yields the change in dynamic topography as a function of time ( Figs. 1 and  2 and fig. S1 ). The variations in height of the Orangeburg Scarp and related sediments (Fig. 1B) is well correlated, in latitude, with our estimates of the dynamic topography change since 3 million years ago (Ma). Both are high in Florida, decrease toward the north in the Southeast Georgia Embayment (~31°N), and then rise again farther north in the vicinity of the Cape Fear, Neuse, and Norfolk arches (Fig. 2) .
The height of the Orangeburg Scarp rises more quickly starting north of 32°N than the estimates of dynamic topography change since 3 Ma ( fig. S1 ). We attribute this misfit primarily to differences in the spatial scales of these data sets and to uncertainties in the tomography-based flow calculation. The joint seismic-geodynamic constrained tomography model has a minimum horizontal spatial resolution of 270 km by 270 km (34) (Fig. 2) . It thus resolves mantle heterogeneity on a length scale substantially greater than the geological data being considered, whose variations are known to less than a kilometer resolution. In this regard, it is important to emphasize that our estimates of dynamic topography change are derived from full global mantle convection solutions and have not been adjusted or in any way tuned to yield better fits to the observed warping of the Orangeburg and correlative scarps.
Despite the longer-wavelength character of the seismic tomography constrained mantle flow calculations, there is a good spatial correlation between the maxima of the estimated changes in dynamic topography since 3 Ma and relative incision of the mid-Pliocene flooding surface (Fig.  1) . Regions in Georgia with limited retrodicted changes in dynamic topography are characterized by limited fluvial incision into this surface. In contrast, farther north, where the retrodicted amplitude of dynamic topography change increases, the intensity of dissection increases concomitantly, and both reach a maximum in the vicinity of Chesapeake Bay (Figs. 1 and 2) . The amount of incision of the low-relief flooding surface is about 50 T 10 m in this region, in accord with the retrodicted amplitude of dynamic topography change since 3 Ma. This implies that a large fraction of the Coastal Plain geomorphology, at least shoreward of the Orangeburg Scarp, is a result of the interaction between flooding-related planation and subsequent dynamic topography induced uplift and fluvial incision within the last 3 My.
The principal outstanding feature of the dynamic topography retrodictions is the pattern of variable uplift along the East Coast of the United States (fig. S1 ). The origin of this uplift can be directly traced to the existence of hot, buoyant material in the shallow (<250 km) mantle under this region, with additional contributions resulting from the "far-field" advection of hot mantle rising from beneath Bermuda (figs. S2 and S3).
The impact of this active, buoyant material on the upper-mantle convective flow field is shown in fig. S2 , where one may note that the centers of upwelling mantle under the eastern margin of the United States are directly correlated with (and contributing to) the pattern of recent, post-Pliocene uplift of the coastal plain ( fig. S3 ). We conclude that this aspect of the mantle flow field has played a large role in the topographic evolution of the eastern seaboard.
GIA refers to the deformational, gravitational, and rotational adjustment of Earth in consequence of the Late Pleistocene glacial cycles. The U.S. East Coast is mostly located on the peripheral bulge of the Laurentide ice complex, and it has been continuously subsiding since the end of the last glacial maximum at 21 thousand years ago (28) . A numerical simulation of the GIA process (see supplementary text) based on the V2 model predicts a variation of~15 m of the current topography along the Orangeburg Scarp, sensu stricto, and an additional~20 m along the Chippenham and Thornburg Scarps farther north (Fig. 1C) . The total along-strike variation is~35 m. However, uncertainty in the Laurentide ice history and, in particular, the radial profile of mantle viscosity can lead to changes (~10 to 25 m) in the predicted amplitude of the GIA signal (27) (fig. S6) .
We retrodicted the paleogeography of the East Coast of the United States at maximum flooding by subtracting contributions from GIA and dynamic topography change since 3 Ma from the present topography ( Fig. 3) . On a regional scale, there is good correspondence between geological data that constrain the known distribution of marine mid-Pliocene sediments, inferred shoreline positions based on the geology (27, 36) , and the position of the retrodicted shoreline relative to present sea level. This correspondence suggests that dynamic topography and GIA can account for the vast majority of the warping of the Orangeburg and correlative scarps and the lowrelief flooding surface.
Models that retrodict only dynamic subsidence of the U.S. East Coast (11, 13, 14) over this time interval are not compatible with the observed geology. Furthermore, these models (13, 14) track mantle flow over long time scales (>50 My) starting from the present, and thus any misfit with more No attempt has been made to remove effects of subsequent river and stream incision. Thick dotted line is the shoreline inferred geologically (23, 29) that essentially follows the Orangeburg and correlative scarps. The thin blue line is the +25 m contour on the retrodicted topography. Blue dots are locations for which there are independent outcrop or borehole constraints on the presence of Pliocene marine sediments. Blue stars in southern Delaware and New Jersey are locations of Pliocene estuarine sediments (38, 42) . recent times (<5 My) implies that these models are unlikely to accurately retrodict dynamic topography at any older time. Our analyses do not support large amplitudes of dynamic topographic subsidence along the Atlantic shelf margin of North America, either on time scales considered here or on longer time scales (30 My) (10) .
Our simulations have implications for inferences of long-term sea-level change. As can be seen from the retrodicted paleogeography, the Orangeburg and correlative scarps and marine mid-Pliocene localities lie close to the +25 m ( Fig. 3 and fig. S4 ). It would be premature to conclude that this supports an estimate of +25 m for mid-Pliocene sea level because of inherent uncertainties in the various modeling parameters, particularly the mantle viscosity adopted in the dynamic topography and GIA retrodictions, and because we have not included a topographic correction for sediment loading and erosional unloading (supplementary text). Given these uncertainties, our view is that we cannot, as yet, place robust limits on the maximum height of mid-Pliocene sea level.
In the area of the Norfolk Arch, where the largest amplitude of retrodicted dynamic topography change is centered (Fig. 2) , the predicted rate of uplift is~60 m/My (supplementary text). This value is about three times the inferred maximum rate of change of long-term global sea level since the base of the Jurassic (37) . Moreover, it is greater than~85% of the rate of change of the short-term global sea-level height when this is averaged over 0.1-My intervals (37) . Thus, the regression from the Albemarle and southern Salisbury Embayments since mid-Pliocene, which from the local sequence stratigraphic perspective would be directly linked to a significant global sea-level fall, is instead dominated by dynamic topographic uplift and GIA (Fig. 3) .
The mid-Pliocene stratigraphy of New Jersey is dominated by regressive sequences, marked by denudation and incision of earlier Miocene flooding surfaces and by deposition of the Pensauken fluvial clastics (38) . Accepting that New Jersey was rising out of the water (Fig. 3) , while Virginia and points south were transgressed, then some other processes, including, but perhaps not limited to, dynamic topography were controlling the sequence stratigraphy of this margin. Because the average slope of the shelf surface is about 0.05°T 0.025°, even relatively small changes (~20 to 40 m) in dynamic topography beneath the shelf would move the shoreline laterally by tens of km. The regression of the Pliocene and younger sequences from the Albemarle Embayment appears to specifically reflect such an effect, thereby calling into question inferences of sea-level change based on sequence stratigraphic approaches.
Coastal scarps, similar to the Orangeburg scarp but at lower elevations, have often been interpreted as reflecting progressive drops in sea level (39, 40) . Alternatively, they may reflect the gradual emergence of the coast under relatively constant sea level at interglacial highstands (41) .
Likely both processes were operating, but it is difficult to disentangle the effects of each over time without also quantifying the mantle dynamic contributions.
Our retrodicted paleogeography at 3 Ma (Fig.  3 ) closely matches the well-known distribution of mid-Pliocene marine strata in the Albemarle and southern Salisbury Embayments. We suggest that assessments of the height of mid-Pliocene global sea level, and thus the size and stability of the East Antarctic Ice Sheet during this period of relative warmth, must be based on global analyses that account for globally consistent, mantle convection-driven topography, rather than on local investigations.
Note added in proof: Figures 1 and 3 were revised so that the figures in the main text are based on the same dynamic topography and glacial isostatic adjustment calculations.
